Abstract: Modeling the respiratory system can aid clinical decision making during mechanical ventilation (MV) in the intensive care. However, most lung models only use airway pressure and flow data during inspiration phase of the breathing, and the data from expiration are often neglected. In this study, we hypothesized that the airway pressure and flow data during expiration have equal important information as the inspiratory data for respiratory mechanics modeling. In particular, expiratory time constant parameter, K, can provide unique information and relation with respiratory system elastance in MV patients. Two different respiratory models were investigated, with one model focusing on data from inspiratory cycle (Single compartment model) and the other focusing on expiratory cycle (Time constant model). The expiratory time constant model and single compartment model were evaluated based on 22 retrospective datasets of acute respiratory distress syndrome (ARDS) patients from two different cohorts. The expiration time constant model captured a moderate correlation with the lung elastance with R 2 = 0.568 in Cohort 1 and weak correlation with R 2 = 0.184 in Cohort 2, resulting in an overall of R2 = 0.435. Significant variations in lung resistance may lead to a poor correlation between K and lung elastance, E lung . Thus, the application of K as a surrogate to the respiratory elastance warrants further investigation.
INTRODUCTION
Patients with Acute Respiratory Distress Syndrome (ARDS) experience severe widespread lung injury that leads to inability of gas exchange and breathing problem. ARDS patients admitted to the intensive care unit (ICU) are mechanically ventilated (MV) for breathing support. However, conventional MV does not provide enough realtime information to guide therapy, and suboptimal MV settings increase the risk of further lung injury and complications (Dreyfuss et al., 1998 , Slutsky, 1999 .
Positive end expiratory pressure (PEEP) is applied during MV to prevent de-recruitment at the end of expiration by keeping unstable lung units open, and to recruit the new lung units. It has also been shown to greatly improve oxygenation in ARDS patients (Meade et al., 2008 , Amato et al., 1998 . However, selection of patient-specific, optimal PEEP remains widely debatable (Halter et al., 2003 , Puybasset et al., 2000 . In addition, there are limited non-invasive methods that can provide real time information on the patient's lung condition and disease state (Sundaresan et al., 2011b , Carvalho et al., 2007 . Thus, clinicians often resort to generalised approaches (Kallet et al., 2007) or experience and intuition to select PEEP, increasing the variability and risk of suboptimal care. Mathematical lung models can be used to better identify patient-specific response to MV to aid selecting of PEEP and MV settings.
In particular, respiratory system modelling can provide realtime information on the patient condition and response based on MV airway pressure, (P aw ) and flow, (Q aw ) data. However, most studies show that these models require specific data profiles and specialised protocols for model identification (Oostveen et al., 2003 , Ben-Tal, 2006 ). These models also focus only on data collected during inspiration, and data during expiration are neglected. However, recent research by Al Rawas et al.(2013) and van Drunen et al. (2013) studied expiratory data phase and found high correlation between the expiratory time constant and respiratory system elastance in clinical and experimental trials. This finding has led to a potential to use of the expiratory or perhaps the 'forgotten twin' during clinical respiratory mechanics monitoring to guide MV.
This study extends the investigation on the relation of expiratory time constant with respiratory system elastance in retrospective clinical cohorts. These data comprise of patients undergoing a recruitment manoeuvres (RM) with step PEEP changes. These data provide a variation of respiratory system elastance at different PEEP levels (Chiew et al., 2011) . These respiratory system elastance variations thus provide a unique platform to investigate the relation of expiratory time constant with inspiratory respiratory system elastance. More importantly, information on respiratory system elastance response to PEEP has shown clinical potential for guiding PEEP titration. Thus, a good correlation between these metrics will imply that the expiratory time constant can also be used to titrate PEEP under similar assumptions (van Drunen et al., 2013) .
METHODOLOGY

Patients Data and Analysis
Data from two retrospective ARDS cohorts were used for this study, consisting of 10 patient-datasets from Sundaresan et.al (2011a) and 12 patient-datasets from Bersten et al. (1998) (Cohort 1 and 2, respectively) . In particular, patients in Cohort 1 underwent a modified protocol-based RM. These patients were ventilated with 5-8 different PEEP levels using a decreasing inspiratory flow profile (Sundaresan et al., 2011a) . All patients in Cohort 1 were fully sedated and ventilated using Puritan Bennett PB840 ventilators (Covedin, Boulder, CO, USA) with volume control (tidal volume = 6-8 mL/kg). The clinical trials and the use of this data has been reviewed and approved by the New Zealand, South Island Regional Ethics Committee. Further details on clinical protocols are in Chiew et al (2011) .
Patients in Cohort 2 were fully sedated and ventilated using Puritan Bennett 7200ae ventilators (Carlsbad, CA, USA) under volume control mode ( tidal volume = 8-10 mL/kg) and a square-wave inspiratory flow. Patients in Cohort 2 were tested in 3-4 different PEEP levels. PEEP trials were at baseline and then repeated at 30 min intervals following PEEP changes between 5 and 15 cmH 2 O. These clinical trials were approved by the Committee for Clinical Investigation at Flinders Medical Centre.
Lung Elastance Model
The lung elastance model is derived from the single compartment lung model.
where P aw is the airway pressure, t is time, R lung is the respiratory airway resistance, .
V is the flow, E lung is the lung elastance, V is the lung volume and P 0 is the offset pressure.
However, this model focuses on inspiration. Using an integral-based method (Hann et al., 2005) , the lung elastance (E lung ) and respiratory resistance (R lung ) are estimated.
R lung consists of the resistance in endotracheal tube and airway branching respiratory system. With the data from the measured inspiratory pressure (P aw ) and flow ( . V ) for each breathing cycle, the best values that fit the single compartment lung model as defined in Equation (1) are determined.
Expiratory Time Constant Model
The expiratory time constant model is also derived from the single compartment lung model, but focuses on expiration. van Drunen et. al (2013) proposed a method of calculating the time constant (K), during the expiration time cycle. The expiratory time constant model derived from the single compartment lung model is defined:
where .
V is the value of maximum expiratory flow and τ = 1/K = R lung /E lung is the time constant for this model during expiratory time. The details on how Equation (3) is developed can be found in van Drunen et. al (2013) .
It is important to note that expiration is a passive process that unloads the inspired tidal volume over a resistance at a constant ventilator applied end expiratory pressure.
Analysis
Inspiration and expiration in the respiratory system are two different physiological processes. The expiratory timeconstant model parameter, K, is calculated continuously for each PEEP level for both cohorts. The trend for the estimated K values are compared with the inspiration derived values E lung /R lung and E lung . Performance was assessed by trend correlation coefficient (R 2 ) where comparisons between the estimated K for expiration, and both E lung /R lung and E lung for inspiration were made.
RESULTS
Figures 1 and 2 compare the correlation between K and inspiration derived E lung , and between K and inspiration derived E lung /R lung for both Cohorts 1 and 2. The Pearson correlation for K-E lung for Cohort 1 is R 2 = 0.568, Cohort 2-R 2 = 0.184 and the overall value is R 2 = 0.435. The correlation K-E lung /R lung is R 2 = 0.340 for Cohort 1 and R 2 = 0.002 for Cohort 2 and R 2 = 0.078 all together. The median and inter-quartile range (IQR) of E lung , R lung , E lung /R lung and K for each data set are reported in Tables 1 (Cohort 1) and 2 (Cohort 2). Figure 3 compares the trend of R lung between a patient with Chronic Obstructive Pulmonary Disease (COPD) and a non COPD patient for all PEEP levels. Figure 4 shows the trend comparison of expiration time constant, K, inspiration E lung and inspiration E lung /R lung between patient S1 from Cohort 1 and patient B10 in Cohort 2 for all PEEP levels at every breathing cycle. The model-fitting for airway flow and pressure between measured and calculated values for dataset S3 are depicted in Figure 5 . 
DISCUSSION
In this study, the time constant K has shown moderate correlation with E lung with R 2 = 0.568 in Cohort 1 and weak correlation with R 2 = 0.184 in Cohort 2, as shown in Figure 1 . Comparatively, the correlation of K with the inspiration E lung /R lung shows a weak correlation of R 2 = 0.340 for Cohort 1 and R 2 = 0.002 for Cohort 2, as depicted in Figure 2 . These results contradict to findings by Al Rawas et. al (2013) and van Drunen et. al (2013) where the time constant estimated using expiratory data has good correlation with the estimated respiratory elastance using inspiratory data.
In this study, Cohort 1 includes of Chronic Obstructive Pulmonary Disease (COPD) patients (datasets S1, S4, S5, S9, S10) which had higher resistance in the lung (R lung ) compared to other non-COPD, as shown in Table 1 . Furthermore, it can be seen in COPD patient (S4) in Figure 3 that higher R lung exists due to the obstructed airways at lower pressures and PEEP, as compared to the non-COPD patient (S3). Since K= E lung /R lung , an increasing airway resistance would result in a low value of K as compared to E lung . Significant variations in R lung may lead to poor correlation between K and E lung (van Drunen et al., 2013) . Equally, these patients were found to have decreased K, with every increase in resistance. Clinically, a patient with COPD requires more time for expiration, which will lead to an increased expiratory time constant (~ 1/K) (Lourens et al., 2000) .
Patients in Cohort 1 and Cohort 2 are fundamentally different because the flow profiles are different with a decreasing flow profile in Cohort 1 and a square wave profile in Cohort 2. For some cases, K were relatively unchanged with PEEP, as shown in Figure 4 compared to the value for E lung and E lung /R lung for dataset S1 and dataset B10. Similarly, the median and interquartile range [IQR] of K for Cohort 1 is 1.57[1.33-1.99] while Cohort 2 is 1.20[1.13-1.34]. These results may be due to that the same expiration flow pattern exists in both cohorts thus resulting in relatively constant values of K. In addition, the trend of K does not follow either E lung or E lung /R lung for both cohorts. This lack of correlation may be a subject-specific response due to the increasing severity of ARDS collapsing airways within the lungs, thereby increasing the resistance of the conducting airways (R lung ) as mentioned previously in (Gattinoni et al., 2005) . Figure 4 is a patient example where, E lung changed as PEEP changed. With the increasing E lung , it shows that the lung becomes stiffer, thus no further recruitment happened in the lung. Monitoring patient-specific E lung during PEEP changes has the potential to be used in optimum PEEP titration for the ARDS patients (Chiew et al., 2011) . Thus, if K had high positive correlation with E lung , it could potentially be used to titrated PEEP. However, in this study, only Cohort 1 shows useful correlation and for Cohort 2, there is almost no correlation. This result indicates that, although K is defined as E lung /R lung from inspiration for expiration, it does not deliver the same result as those same values in inspiration because each expiration and inspiration must be considered separately when determining lung mechanics properties (Möller et al., 2010) .
For the result shown in Figure 5 , the calculated airway pressure using the inspiration lung elastance model has resulted in a good fitting with the measured airway pressure from the ventilator for data set S3 from Cohort 1 which the median and IQR 1. 74[0.79 -2.79] . This low fitting error is also found in the calculated airway flow versus measured airway flow in this patient data set. This result shows that by using the lung elastance model, it follows the same trend as the measured data.
Study by van Drunen et al (2013) showed that K has a similar trend with E lung in experimental ARDS animal trials (van Drunen et al., 2013) . However, this study using human data showed otherwise. The animal cohort by van Drunen et al (2013) had higher tidal volume (V t ) (10-12 mL/kg) during MV. Higher V t during ventilation allows more air to enter into the lung. . Higher V t during ventilation allows more air to enter into the lung, thus allowing the elastic properties to be identified. Equally, higher V t will thus provide better flow data resolution during expiration cycle.
Compared to the animal study, both human patient cohorts used in this study have lower tidal volume limiting the data available during expiration (6-8 mL/kg). This V t was found to be less injurious and thus often used as a safety threshold (Brochard et al., 1998 , Parsons et al., 2005 , The Acute Respiratory Distress Syndrome Network, 2000 . Thus, it is not clinically feasible to use higher tidal volume in humans, and an alternate approach, such as the controlled expiration would be required to get the best resolution and value of K that better reflects and correlates with E lung (Möller et al., 2010) .
Furthermore, this different in result may also be due to the different protocols applied in these two studies. A better relationship and correlation between K and PEEP might be obtained by designing a clinical protocol where V t is varied between low and high values at constant PEEP. Equally, controlled expiration cycle might be considered.
Although K has shown a poor correlation for Cohort 2, it still delivered a good indication for COPD patients in Cohort 1 due to the higher airway resistance in the lung. Thus, the potential application for K remains in diagnosing and provide further insight lung condition in COPD patients. Furthermore, with specific ventilation profile and clinical protocol, K can be extended to determine real-time lung parameters using only expiration data. In particular, this application can be important in spontaneously breathing (SB) patient, where these patients have individual breathing effort that alters the lung mechanics, and cannot be estimated with additional invasive tools. However, the results and implications that were derived from this study, shows otherwise. Thus, the application of expiratory time constant in SB patients warrants further investigations.
CONCLUSIONS
In this research, it has shown that variations in lung resistance may lead to a lower correlation between K and E lung . However, there is a relation exists between K and the lung resistance, (R lung ) especially for COPD patients. Time constant K may have potential in tracking the changes in disease state for MV patients in real-time, but it warrants further investigation with specific clinical protocol and ventilation practice.
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